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Abstract

Objective.—To assess phonatory function and wound healing of a tissue-engineered vocal fold
mucosa (TE-VFM) in rabbits. An “artificial” vocal fold would be valuable for reconstructing
refractory scars and resection defects, particularly one that uses readily available autologous cells
and scaffold. This work implants a candidate TE-VFM after resecting native epithelium and
lamina propria in rabbits.

Study Design.—Prospective animal study.
Setting.—Research laboratory.

Subjects and Methods.—Rabbit adipose-derived stem cells were isolated and cultured in
three-dimensional fibrin scaffolds to form TE-VFM. Eight rabbits underwent laryngofissure,
unilateral European Laryngologic Society type 2 cordectomy, and immediate reconstruction with
TE-VFM. After 4 weeks, larynges were excised, phonated, and examined by histology.

Results.—Uniform TE-VFM implants were created, with rabbit mesenchymal cells populated
throughout fibrin hydrogels. Rabbits recovered uneventfully after implantation. Phonation was
achieved in all, with mucosal waves evident at the implant site. Histology after 4 weeks

showed resorbed fibrin matrix, continuous epithelium, and mildly increased collagen relative to
contralateral unoperated vocal folds. Elastic fiber appearance was highly variable. Inflammatory
cell infiltrate was limited to animals receiving sex-mismatched implants.
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Conclusion.—TE-VFMs were successfully implanted into 8 rabbits, with minor evidence of
scar formation and immune reaction. Vibration was preserved 4 weeks after resecting and
reconstructing the complete vocal fold cover layer. Further studies will investigate the mechanism
and durability of improvement. TE-VFM with autologous cells is a promising new approach for
vocal fold reconstruction.
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Injury or loss of the vibratory vocal fold lamina propria and epithelium (together known as
the vocal fold cover layer [VFCL]) has been inadequately treated. The lamina propria’s
unique extracellular matrix (ECM) of aligned collagen fibers, transverse elastic fibers,

and interspersed hyaluronic acid is thus far irreplaceable. Rehabilitation after scarring

has therefore attempted to minimize glottic insufficiency to compensate for the ECM
disruption.! Numerous surgical techniques have been proposed to lessen the scar’s

impact, including scar-releasing incisions, angiolytic laser therapy,? and subepithelial fascia
implants.34 While some patients have modest vocal improvement with these techniques,
voice normalization is rare. Accordingly, clinical emphasis on scar prevention has
prevailed.® Investigational cell injection therapy holds promise for reducing the impact of
scarring and is the subject of ongoing clinical trials worldwide.%” A cell injection approach
is attractively simple but may not be sufficient to repair severe scars. An implantable cell-
based therapy to restore complete VFCL structure at the time of disease extirpation remains
desirable. While the initial envisioned treatment scenario for such an implant would be after
complete scar resection, it could eventually be found safe and effective for reconstruction of
cancer defects as well. However, implantation of a cell-based tissue-engineered vocal fold
mucosa (TE-VFM) has not yet been reported in an animal model.

We have developed a 3-dimensional implantable structure containing adipose-derived
mesenchymal stem cells (ASCs) within a fibrin scaffold.8 This method creates a 3-
dimensional autologous implant with mechanical characteristics similar to the native vocal
fold mucosa.1? Here we report the implantation of this vocal fold mucosa replacement in

a series of rabbits. Unlike prior studies of cell injections within the lamina propria,11-20
tissue transplants,?:22 or acellular matrix implants,23-2% we have implanted a completely
tissue-engineered cell-based construct to replace the lamina propria and epithelial layers

of the vocal fold. Our previous work developed a surgical technique for implanting rabbit
vocal folds, where an autologous graft was applied on top of the thyroarytenoid muscle after
resection of the entire membranous vocal fold epithelium and lamina propria?!; satisfactory
wound healing was found after orthotopic grafting of the native vocal fold mucosa. We
hypothesize here that grafting a TE-VFM is similarly feasible and will also result in
satisfactory wound healing to produce phonatory vibration. Our objective is to investigate
the degrees of scar formation, ECM remodeling, and phonatory impairment after TE-VFM
implantation in rabbits.
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Materials and Methods
Adipose-Derived Stem Cells and TE-VFM Constructs

Rabbit adipose-derived stem cells (rASCs) were isolated from male rabbits and tissue-
engineered constructs created as previously described.89-26 Briefly, rASCs were harvested
from inguinal fat by collagenase digestion and expanded in culture. Mesenchymal
differentiation potential was confirmed by chemical induction to mineral forming and
adipogenic phenotypes.® Undifferentiated rASCs were embedded within polymerized rabbit
fibrinogen in Transwell inserts. Resultant neotissue constructs were cylindrical, 12 mm in
diameter, and 3 to 4 mm thick. They were cultured with an air interface and were bottom-fed
DMEM culture medium containing 10% fetal bovine serum and 100 ng/mL of epidermal
growth factor. After 2 weeks, they were harvested for implantation or histology.

Vocal Fold Implant Surgery

The Institutional Animal Care and Use Committee approved this study. Eight New Zealand
white rabbits underwent survival surgery for VFCL removal and implantation with TE-
VFM. Four male rabbits (Nos. 1-4) and 4 female rabbits (Nos. 5-8) each weighing 3 to 3.5
kg were used. The vocal fold excision procedure was performed as previously described.2!
Briefly, rabbits were anesthetized, and the larynx exposed through a neck incision.
Tracheotomy was performed, followed by midline laryngofissure. The membranous cover
layer was resected from the left inferior vocal fold division with a Beaver blade. Dissection
began at the anterior commissure, and the entire cover layer was elevated posteriorly to

the vocal process of the arytenoid cartilage where it was transected and removed, leaving
exposed thyroarytenoid muscle. The resected cover was saved for histology. Next the TE-
VFM was cut to fit the defect and secured in position with 4 sutures of 6-0 plain gut.

The laryngofissure and tracheotomy were closed with 4-0 Prolene and the rabbit converted
back to mask anesthesia for neck wound closure. Dexamethasone and antibiotics were
administered for 3 days.

Endoscopy and In Vivo Phonation

Experimental animals 1 and 2 underwent endoscopy under anesthesia at 2 weeks
postimplantation to assess the gross wound healing at that early time point. Animals were
anesthetized with inhaled isoflurane delivered by mask, and a pediatric straight laryngoscope
and 0° endoscope with CCD camera were inserted to visualize the vocal folds. Because no
major abnormality was identified in the first 2 subjects and the procedure was invasive and
time-consuming, endoscopy was not performed on subsequent animals.

Animals 1 and 2 underwent in vivo phonation at 4 weeks postimplantation as previously
described.2! After a neck incision and tracheotomy, the vocal folds were exposed superiorly
via thyrohyoid pharyngotomy. The epiglottis and superior thyroid cartilage were resected for
clear visualization. A second endotracheal tube supplied air upward through the glottis, and
manual pressure on the thyroid cartilage adducted the vocal folds. Vibration was recorded
with a high-speed digital video camera (Phantom v210; Vision Research Inc, Wayne, New
Jersey) at 8000 frames per second. After phonation, the rabbit was euthanized and the larynx
frozen at —80°C before excised phonation. Animals 3 to 8 did not undergo in vivo phonation,
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because better experimental control and visualization were achieved with immediate excised
larynx phonation, without disruption of the microstructure from freezing.

Excised Phonation and Kymography

Animals 3 to 8 were euthanized and larynges excised for phonation. Larynges from animals
1 and 2 were thawed. The epiglottis and superior edges of the thyroid cartilage were
removed for visualization, and a single adduction suture was placed through both vocal
processes. A large-animal larynx phonation setup has been previously described.10 A custom
adapter fabricated to fit the rabbit larynx was mounted on the tracheal pipe. Airflow was
supplied through the glottis at 500 mL/s, and subglottic pressure was measured with a digital
manometer. A high-speed digital video camera captured vibration at 10,000 frames per
second. A 2-second segment of each larynx’s vibration was converted to kymogram via a
Matlab algorithm performed at the midpoint of the membranous vocal folds.

Histology and Immunohistochemistry

After excised phonation, larynges were split in the posterior midline to separate the

vocal folds, trimmed to fit the vocal folds in specimen cassettes, and positioned for axial
sectioning. Specimens were formalin fixed and paraffin embedded. Larynges 1 and 2 had
been frozen prior to excised phonation. Their histology demonstrated artifact that distorted
the microstructure, so larynges 3 to 8 were never frozen. Stains included hematoxylin and
eosin, elastic van Gieson (EVG), and Masson’s trichrome for collagen. Extra TE-VFM and
the resected rabbit VFCL were also processed for microscopy. Immunohistochemistry used
mouse monoclonal primary antibodies against vimentin (clone AMF17B, Developmental
Studies Hybridoma Bank, University of lowa) and pancytokeratin (Abcam ab961).

Results

VFCL Resection and TE-VFM

Resected VFCL and TE-VFM samples were examined histologically (Figure 1). Resection
specimens demonstrated complete excision of epithelium and lamina propria and a small
amount of thyroarytenoid muscle equivalent to a European Laryngological Society type
11111 cordectomy or Imaizumi transmucosal-transmuscular injury.2’ The normal appearance
of rabbit lamina propria elastin and collagen is demonstrated in Figure 1A and 1B. TE-VFM
at the time of implantation shows a bland fibrin microstructure without appreciable elastin or
collagen (Figure 1C).

Immunofluorescence demonstrated the mesenchymal marker vimentin in all TE-VFM cells,
including the superficial layer, in contrast to the excised VFCL, which does not express
vimentin in the epithelium (Figure 2). Cells in the TE-VFM did not demonstrate pan-
cytokeratin as an epithelial marker (data not shown). Together, these findings indicate that
the rASCs in the construct did not differentiate to an epithelial phenotype in vitro.

Surgical Recovery

All 8 rabbits undergoing vocal fold implant surgery survived the 1-month postoperative
period. Rabbits 1 and 2 underwent endoscopy at 2 weeks postoperatively to assess early
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wound healing. This showed grossly intact wound sites (Figure 3). Edema and edge
irregularity relative to the contralateral unoperated vocal fold were noted, but no hematoma,
exudate, or ulcer was seen. Because of these reassuring findings, subsequent animals did not
undergo the invasive procedure.

Rabbits underwent laryngeal harvest and phonation 1 month after implantation. Rabbits

1 and 2 were successfully phonated in vivo prior to larynx harvest. Excised larynges 1

to 8 all produced sound at airflow of 500 mL/s; subglottic pressure ranged from 2.5 to

3.8 kPA. Vocal fold vibration was observed on high-speed video, with mucosal waves
proceeding inferior to superior in all larynges (Figure 4). Kymography revealed good left-
right symmetry (Figure 5).

Explant Histology

Larynges were harvested and examined after 1 month of implantation. Two representative
examples in Figures 6 and 7 show the implanted left vocal folds and the unoperated right
vocal folds in male and female rabbits. Implant sites were difficult to distinguish from
surrounding normal tissue. Epithelium was continuous, and graft borders were contiguous
with surrounding soft tissue without clear demarcation. Lamina propria cellularity appeared
similar on operated and control sides. Inflammatory cell infiltrate was identified at the deep
interface, primarily in female rabbits 5 to 8 that received male cell implants. Based on
trichrome staining, collagen content was normal to mildly increased in male rabbits and
more notably increased in female rabbits when compared with the unoperated side. Status
of elastic fibers was difficult to interpret, due to variability within animals, nonspecificity
of EVG staining, and the uncertainty of the graft borders. EVG staining consistent with
elastic fibers was noted in some operated vocal folds at the presumed implant site. However,
definitive presence, origin, and functionality of elastic fibers cannot be ascertained by these
histologic examinations alone.

Discussion

The vocal fold epithelium and lamina propria form a functional vibrating VFCL28:29 that

is susceptible to scarring from injury or radiation.39 Collagenous scar tissue disrupts the
normal mucosal wave and leads to dysphonia and voice fatigue31-32 with few options

for improvement; the deranged ECM viscoelasticity remains altered with speech therapy,
medialization, or augmentation.1:6:33 A regenerative medicine approach to the scarred tissue
could revolutionize treatment and mitigate the permanent dysphonia of oncologic treatment
and trauma.

Among regenerative medicine techniques, cell injections into the superficial lamina propria
are furthest along the clinical development pipeline.> Severe scarring, however, results

in mucosal epithelium tethering to underlying muscle or ligament. The entire cover

layer is thus involved and may not respond to injection therapy.® In those situations,
replacing the entire cover layer would remove the stiff non-vibratory tissue completely.
This laboratory previously described the TE-VFM, intended for en bloc replacement of
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the lamina propria and epithelium.>8 The concept of a 3-dimensional VFCL replacement
was demonstrated in a previous rabbit experiment that reimplanted native VFCL after an
European Laryngological Society type 11-111 cordectomy.?! However, native VFCL is not
available for clinical implantation. Therefore, the TE-VFM is now tested in that orthotopic
implant model.

The TE-VFM implanted here is based on rASCs. ASCs are capable of self-renewal and
multipotent differentiation; they are easily harvested and maintained in culture; and they
have immune-modulating and wound-healing properties.26:34 As a result, they have been
proposed for regenerative medicine of nearly all tissue types, with many human clinical
trials underway.3%:36 There is, however, some variability in ASC phenotype and behavior
among species.38 In this system, rabbit ASCs were cultured within a fibrin hydrogel for 2
weeks in vitro with an air interface and epidermal growth factor supplementation. Those
conditions produced bilayered differentiation of human ASCs to epithelial and mesenchymal
cells but not with rASCs.82 The reason for this difference is unknown. Regardless, the
rASCs implanted here are considered to be uniformly mesenchymal in phenotype based on
their vimentin expression without ectodermal or endodermal markers. This rabbit TE-VFM
thus represents a simpler construct than the bilayered structure that was previously described
with human ASCs.?

Despite the lack of an epithelial layer in this 3-dimensional construct, implantation outcomes
were equivalent or superior to our prior implantation of the native cover layer. Histologic
results show excellent similarity with the unoperated vocal fold after 4 weeks, and
symmetric vibration was achieved. Defining the fibrin-ASC implant characteristics that
generated these benefits is an area of ongoing investigation. Potential explanations are that
the fibrin matrix provides an improved temporary “biologic dressing” on the wound, that

the ASCs directly engraft into the vocal fold to improve function, and that ASCs modulate
wound healing via cytokine actions. Our prior findings—taken with the literature on ASC
treatment of mature or acute vocal fold scars, described below—suggest that ASCs and

the 3-dimensional scaffold both contribute. This implant series included a subpopulation of
sex-mismatched implants, with male rASCs implanted into female rabbits. Interestingly, that
group demonstrated increased inflammatory cells as well as increased collagen deposition.
We hypothesize that the greater immune response toward implanted male cells in female
rabbits contributed to worsening scar formation. Alternatively, sex-mismatched ASCs might
less effectively downregulate the baseline host inflammatory response. The significance of
immune modulation by the implanted rASCs is an area of further interest.

Other research has found weak immunogenicity and immune-modulating properties of
mesenchymal stem cells via inhibition of proliferating T cells and activated B cells, as

well as suppression of antigen-presenting cells.34:37:38 Injected stem cells have improved
histologic and viscoelastic properties in the vocal folds in numerous animal models, whether
injected before or after injury.11-16 In vivo injections of ASCs or bone marrow—derived
stem cells led to decreased deposition of dense or disordered collagen, improved vocal

fold mobility and smoothness, and increased elastin and hyaluronic acid, as compared with
untreated scar or injury.12:18 Using a transmuscular injury in rabbits followed by immediate
injection therapy, Xu et al found that gradual normalization of collagen, hyaluronic acid,
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and fibronectin occurred after 12 months.1® Whether the improvement in scarring from
injected cells occurs because of immune modulation, direct ECM influence, or regulation
of fibroblast activity is only beginning to be established through in vitro and animal
models.20,39,40

Additional studies have shown benefit by coinjecting ASCs with a scaffold that may
further support ASC survival, engraftment, and differentiation and provide a template
for ECM deposition.40-42 Compared with stem cell or scaffold injections by themselves,
combined injections have been shown to reduce collagen and improve viscoelastic,
histologic, and endoscopic properties.042 Persistence of the injected stem cell population
in recipient tissue is highly variable and of unclear significance.11-14.17-19.42 ppysical
size and protein characteristics of the scaffold also influence its resorption, cell adhesion,
and immunogenicity.#344 Fibrin was selected as the scaffold in this work because it,

like the ASCs, can be prepared in autologous or immune-tolerated form from human
cryoprecipitate.#® Fibrin has also been shown to support elastoneogenesis in other
systems.46

The status of elastic fibers in this system is not yet completely determined, which parallels
the vocal fold wound-healing literature. Complete recovery with synthesis of new, organized
elastic fibers would be unlikely to occur at the early 4-week time point, based on other
experimental models. In injured rabbits, elastin was decreased with shortened fibers at 2
months, disorganized or tangled at 3 months, and near normal density but disordered at 6
months.31:47:48 et full-thickness laser injury in rabbits increased elastin at 4 weeks.*? It is
therefore still unclear how the type and depth of vocal fold injury affects elastin recovery;
variability among species, ages, and individual animal genetics also likely contributes.
Elastogenesis generally is rare in adult wounds, but treating with ASCs may promote it both
acutely4’ and over a period of months.#! In this TE-VFM study, some rabbits exhibited
EVG staining suggestive of elastic fibers in or near the implant site. Longer implantation
periods and more specific elastin detection methods are required before drawing definitive
conclusions. Also, rabbit elastic fibers are concentrated in the deep lamina propria, in
contrast to humans, who have a trilayered lamina propria with densest elastic fibers in the
middle layer.

The significance of species differences in vocal fold microstructure on translating therapies
to humans remains to be determined. Rabbits lack a vocal ligament of dense collagen; their
deep lamina propria layer comprises both elastic and collagenous fibers. It is conceivable
that this predilection for reduced collagen production would improve wound-healing

results in rabbits relative to humans. Another key difference is the local regenerative cell
population. Vocal fold stellate cells residing in the macula flava in humans are hypothesized
to drive ECM synthesis and repair and maintain viscoelasticity.>%-52 Yet recent studies were
unable to demonstrate macula flava or vitamin A-storing stellate cells in rabbits, leading to
the conclusion that these cell types are not critical to rabbit vocal fold development or differ
significantly from their human counterparts.>® Finally, anatomically, rabbits have a laryngeal
ventricle, but the thyroarytenoid muscle spans it, to underlie what is termed the superior
and inferior divisions of the thyroarytenoid fold.>* We implanted the inferior division for
consistency with our prior work and for anatomic similarity with human larynges.
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At this stage in clinical voice medicine, the promising findings from cell injections in
animals still await wide-spread translation into human therapies for existing scars. An
injectable carrier with cells may be ideal for minimally invasive treatment of scarring

that is limited to the lamina propria,®® but more severe scarring that tethers epithelium to
muscle is unlikely to be reversed by injection alone.® Rather, resection and replacement

of the scarred tissue may be required in those severe cases. We present the first animal
implantation of a potential tissue-engineered vocal fold replacement. The good results noted
with 3-dimensional implants in this study are likely due to combined benefits of adipose-
derived stem cells, immediate biologic protection of the wound, and presence of a scaffold to
support ASC survival and template new ECM deposition. Based on immunohistochemistry,
the implanted fibrin scaffold was resorbed by 1 month. The fate of implanted ASCs was not
investigated but is the subject of ongoing study that will also shed light on the mechanisms
of improvement.

Conclusions

The difficult problem of vocal fold scarring has been addressed in numerous clinical studies
and animal models. Here we demonstrate an essential step in developing new treatments
for severe vocal fold scarring. Tissue-engineered 3-dimensional vocal fold mucosa implants
that were formed with adipose-derived stem cells healed well and preserved function after
implantation in rabbits. We found good incorporation into the vocal fold with limited
scarring, which suggests that either the surgical method or the implanted construct itself
has advantageous effects on the local wound environment. Ongoing studies will distinguish
these possibilities. This model has potential as an autologous tissue replacement for human
vocal fold application.
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Figure 1.
Histology. Excised rabbit vocal fold cover layer at 4x (column A) and 40x (column B);

tissue-engineered vocal fold mucosa at implantation, 40x (column C). Hematoxylin and
eosin (row 1), Verhoeff’s elastic van Gieson (row 2), and Masson’s trichrome (row 3).
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Figure 2.
Immunofluorescent labeling: (A) vocal fold cover layer showing vimentin expression

throughout the lamina propria but not the epithelium; (B) tissue-engineered vocal fold
mucosa showing vimentin expression in all cells. Vimentin, red; nuclei, blue; 40x.
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Figure 3.
Endoscopy at 2 weeks postimplant. The white arrow indicates the implant edge on the left

vocal fold. Surface appears intact.
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Figure 4.
High-speed images of rabbit vocal folds during excised larynx phonation 1 month after

tissue-engineered vocal fold mucosa implant. Superior thyroarytenoid folds have been
excised, and a stitch adducts the vocal processes (bottom of the image).
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Figureb.
Kymography of phonation at 1 month after tissue-engineered vocal fold mucosa implant.

The implanted left vocal fold movement appears at the bottom of each image and the
unoperated right vocal fold at the top. Ten glottic cycles are shown for each of 8 larynges.
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Figure®6.
Representative vocal fold micrographs of male rabbit. Left column: operated vocal fold

at the site of implantation. Right column: contralateral unoperated vocal fold. (A, B)
Hematoxylin and eosin. (C, D) Masson’s trichrome. (E, F) Verhoeff’s elastic van Gieson. All
at 20x magnification.
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Figure7.
Representative vocal fold micrographs of female rabbit. Left column: operated vocal fold

at the site of implantation. Right column: contralateral unoperated vocal fold. (A, B)
Hematoxylin and eosin. (C, D) Masson’s trichrome. (E, F): Verhoeff’s elastic van Gieson.
All at 40x magnification.
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